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Following launch on 10 August 1992 TOI’IIX/_J’oscidorr  bvgan and continues a very successful global

s!urfy of the earth’s ocean circulation using a comhinn(ion  of deal-frequency radar altimetry and precision

orbit determination (POD). The POD results have been utilized to accurwtcly  reconstruct the operational

orbit  in terms of prccisc  classical mean clcmcnts. This paper dcscribcs  the method used to comprstc mean

elements and explains the observed behavior of scmimajor axis, inclination, and tbc frozen eccentricity

vector over  the three-year primary mission Ii fctimc,  while also idcntifyirrg  the major perturbing forces

affccling  their variations. Also described arc t}lc effects of these orbital vat iations  on the stringent i l-km

norlal crossing control of the IO-day repeat ground track.

Introduction

“1’hc ‘1’01’IXl’oscidon  mission, a joint project of NASA and the l;rc{lch  Space Agency CNES (Cerure

N~zrimml  d’F;f14de.s  Sputiales),  has recently cor-nplctcd  its’ three-year primary mission and has now begun a

[hrcc.year cxicndcd mission phase. Precision orbil dctcrmi!lalion  (1’OD) pcrfonncd  by the NASA Goddard

Space I:lighI Center (GSFC) usin~ laser ranging n~casurc]ilcnts  and data acquired by the CNES tracking

sys[crn  (IIORIS, Doppler Orbilography  and Radiopositionillg  In[cgratcci by Satclli[c) defines radial position

rclalivc  to lhc gcoccntcr  to an unprcccdcntcd accuracy of --4 cm mls.1 l>cfinitive  cphcmcrides from the

POD process have been used to reconstruct tic operational orbit history in terms of precise classical mean

clcmcn[s. “1’llis  paper dcscribcs  the Jl)ClhOd used to cornpu(e mean clcmcnts,  establishes the.ir accuracies,

and identifies the major pcrturbin~ forces affecting their variations and tlm 1()-day repeat ground [rack.
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opmltionn]  orbit

l;arly ‘1’0P13X/Poseidon

Lhc need for accura[c con[rol

mission and orbit design

of an cxaclly rcpca[ing

invcs[iga[ions by l:rautnick  and Cutting* idcnlificd

sa[clli[c  ground lIack to meet scicncc objectives.

[’arlcss] Iatcr dctincd a dclailcd orbit design space flom which Lhc opcra[ional orbit was ul[imatcly  sclcctcd.

‘1’hc rcfcrcncc  orbit provides an exact rcpca[ ground [rink ct~vcring  12.-/ ortli[s  over 10 sidereal days, phased

to also ovcrfty two verification sites to facilitate allimctcr  calibration aclivi[ics  during the first six months.

‘[’able 1, Reference Mean Elements and Orbit I)cterminatirm  I<eqoirt’mc’nls  for the Operational orbit
—-——  . - - — - — .— — — . _-. —_— _ _ .  .

Orbitid %amctcrs Rcfcrcncc Values 30 Orbil Dclcrmination  I@quircmcnts

“Scmimajor Axis UO (knl) 7714 .4?938 1 meter

Inclination iO (dcg)

F,cccrrtricity  eO (ppm)

Argument of Pcriapsc

66.0408 0.1 mdcg

95 5 ppm

o),, (dcg) 90 20 dcg

— -—— , _—. -__— .—-— — ..—=._ _—-—. — —-—— .

“1’hc  rcfcrcncc  rncan clcrncn[s prcscntcd  in ~’able 1 provide a ncal -circular frozen orbit a[ a rncan

alti(udc  of -1336 km and an orbi[al  period of-1 1’2 min. USC of a froz,cn orbil  rcslricts the variation in orbit

ccccn[r-icily  and argument of pcriapsc  to limit sate.tli[c alti~udc  variability for crrhanccd  al[imctry

pcrfonnancc,  while also eliminating the need for dedicated rnancuvcrs  to con[rol these parameters. The

scmimajor  axis aO and inclination iO define a rcfcrct]cc ground  track will] a lo-day repeat cycle and prccisc

overflight of the altimeter verification sites. q“his design pmccss  requires a 2.0x20 gravity field to provide a

frozcrl orbit, defined by the mean ccccntncity eO and argument of pcriapsc fL)O values listed in Table 1.

Periodic orbit maintenance rnancuvcrs (OMMS) adjLISt  the mean scrnirnajor axis to keep the ground

track within f 1 km of the rcpca[ing rcfcrcncc  track in the lJrcscncc  of all l)crlurbations,  while also cnsunng

lha( o[hcr orbital parameters rcn]ain witbin required limits. Maintaini[ig  c <0.001 provides desired orbital

altitude control; usc of a froz,cn o]bi[ assures the mean eccentricity rclnains  an order of magni[udc  smaller

without dcdicatcd  maneuvers. inclination variations of -3 mdcg about the

rcqui[’cd  ground track control without the need for inclination cor[”ccliolls.

requires an accurate method of computing these rncan orbit:d pararnctcrs.

mfcrcncc  mean value iO assures

]iffcc[ivc ground track control

2 AAS Paper 95-366, R. Il. F’raucnlmlz.
11’1,,4800 oak Grow Dr.,

MS264355, (818)354-7714
Pasadena. CA. 91109-8099



Mean orbital Itlcrncnts

The oscula[ir~g-to-nlcar~  clement convcrsicrn  tcchniquc ]nust  bc ccmsis[cm  with the stringent ~. 1 -km

ground track con[rol rcquircmcnts. Guinn’s  conversion rncth{td  allows removal of all ccnlral  body zomrl,

scctorial,  a!ld tcsscral  harmonics, second-ordc.r-  Jz, and third-body pcrturbatiolls  acling  over a spccificd  lime

inter-val. (Jsually, longitude-dcpcndcml gravity terms lead to periodic cffc.cts  which average to near-z.cro

over a day. I lowcvcr, such canccllatiorr  dots not rcsul[ wbcrl the satellite n~otion  is ncarl y comrncnsuralc

with card] rota[ion as occurs when the satellite orbit repeats relative to the rotating earth. Instead,

resonances arise when the satellite complclcs ~ nodal periods while the carlh  rotates a times relative [o the

prccc.~sing  satellite orbit plane. ‘I%c TOPEX/Poseidon  ground track nqxats  every 127 orbits over -10 days,

so ~/cx = 127/1 O. Gravity terms that arc near-mulliplcs of this ~/rx ratio contribute secular forces. q’hc firs[-

and second-order near-rcsonan[ terms arc inc]udcd  in truncated 13X 13 and 26x26 gravity flclds.  “1’hc

importance of these near-resonant tcrrns to osculatir]g-to-mean clcmcnt  conversion depends on the spccifrc

accuracy rcquircmcnts.

Scrnimajor axis accuracy is of primary importance to cffcctivc ground track control. l’hc required

dclcrmination accuracy of onc rnctcr (30) is provided by LIIC GSFC; I:Jigh[ I>ynamics  I:acility  (FDF) using

one-way Doppler acquired via the NASA ‘J’rackirlg and Data Relay Satellite Systcrn (TDRSS).5 The 30

accuracy rcquircmcnts  place.d on the FDF for dc[crmination  of eccentricity e, inclination i, and argurncnt  of

pcriapsc  ro arc listed in Table 1.

l:ig.  1 dcscnbcs  the osculating-to-mean clcrncnt  coilvcrsion  accuracy as a funclion of gravity field

size while rcmovirrg  all periodic gravitational perturbations acting cwcr 10 days, the duration of onc ground

track repeat cycle. Accuracy is measured relative to a “truth” gravity model, defined from a 26x26

truncation of the 70x70 JGM2 rnodcl obtained by pos[-launch  POD.l USC of this truth mode] inc]udcs  the

cffcc.ts of second-order resonances. The scmirnajor axis requires a ?WX2.O gravity field to rcducc mean

clcrncn[ computational errors to a negligible lCVCI, w] lcrcas  the o~t:cr orbi [al parameters achicvc satisfactory

accuracy using smaller gravity fields (Fig. lb).

‘lo measure long-term stability char:ic[cristics  of the osculating -to -mean clcmcnt  conversion process,

rncan clcmcnts were compu[cd  frcqucnlly over 20 days to dcflnc the rmvclopc of variation. The mean

scmimajor axis was cxarrlincd every 28 min (about onc quarter orbit ]“rc!riod) using the POD cphcrncridcs
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(1’011s) from 3 to 23 March  1994 (repeal cycles 54 and 55). Fig, ?. coltlj)arcs the mean scmimajor  :]~ls

values ob[aincd using 2x2, I OX 10, 13x 13, 17x 1-1, and 20x20 .gravi[y  field sizes with values obtained from

the 26x26 “lrull]’> mode]. ‘1’hc diffcrcnccs of each case from the Uuth arc consistcm[ly  unbiased across the

20-day comparison intcrva] wilh a pcriodici[y  Iikc that  of tbc 10-day ~:rmmd track rcpc:it  cycIc. I;ig. 2(a)

compares the osculating scmimajor  axis with lhc mean values obtained by removing earth oblatcncss

prcscn[  in the 2x2 gravily lcrm.s. The osculating values vary +7.2 km about the truth mean, whereas the

amplitude of this variation rcduccs [o t80 meters l)y removing oblatcncss. Removing perturbations of the

10x 10 gravity field rcduccs [hc amplitude (o f 3,6 meters. 3’hc amplitude of the computa(iona]  errors drops

to i] 30 cm by removal of the firs[-orcicr resonances present in the 13x 13 gravity field, ‘t’hc error cnvclopc

rcduccs  further to ~.33 cm by increasing the Sravity  field to 17x17, and to a ]]cgligibly  small + 1 cm using the

20x20 gravity frcld.

The results prcscntcd  in Figs. 1 and 2 indicate removal of all perturbations present in a 20x20 gravi[y

field acting over 10 days provide stable values of the mean scmimajor  axis. l:ig. 3 summariz.cs  the effects

of removing these perturbations over pcnocls  less than 10 days. in I:ig. 3(a), rcmova] of perturbations

acting over jus[ onc orbital period (-- I 12 rnitl) results in mc:+rr  scmimajor axis conlputationaI  errors of f.3

mc[crs. Removal of these perturbations over one, three, alld five days shown in Fig. 3(b) rcducc.s these

errors to f.20 cm, i10 cm, and to idcl]tically  zero, rcspcctive]y. Further review of the osculating scmimajor

axis prcscntcd in Fig. 1 reveals two sinusoidal [rends, each with a lo-day period, but out of phase by 180

deg. This behavior allows mean scmirnajor axis fc)r this orllit to bc accurtitcly  dclcrmincd  by removing

ccn[ral and third-body pcrkrrbations  with periods [}lat arc any multiple of five days. For convcnicncc,  10

days has been sclcc(cd  to synchroniz,c  with the ground lrack re] )cat frequency.

The individual effects of lunar and solar gravity on the computational accuracy of rncan scrnimajor

axis [ire prcscntcd  in Fig. 4. ‘1’llc rcfcrcncc  for comparison is conlputcd  by removing ccr~tral  (20x20) arid

third-body gravitational perturbations acting over 10 days. lgIIoring the thir+body perturbations results in

mean scrnimajor axis errors as Iargc as i 150 cm for the interval showr]. 1 Iowcvcr, tl~csc  comparisons

indicate that lunar gravity is by far the dominant force.
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Based on the foregoing analyses, mean orbital clcmcnls for 7’OPI;X/Poseidon arc compulcd by

removing all central and lhird-body pcr[urba[iolls  acting  over 10 days. LJSC of a 20x20 gravi[y  field

provides LIE one-sigma mean clcrncn[  computational accuracies listed ill “1’able 2.

Table 2. Mean Orbital Element Computational Accuracies
. — . —-—— — .—. —.-———.. .—- —-— ——

OrbiLll  Paramc[crs Rcfcrcncc  Vahrcs 10 Compumional  Accuracies
—— .. —... —... — . ..— —.

Scmimajor Axis aO (km)
_— —.

7714 .4?b38 13 cm

Inclination iO (dcg)

Eccentricity CO (ppm)

Argument of Pcriapsc

66.0408 0.5 mdcg

95 7 ppm

O)e (dcg) 90 9 dcg

(1)

-— —.. .—- —-—. ——. .-——— —-—. ——— .-— .—

Semimajor  Axis

Prc-launch studicsb indicated ground track control could bc effce.tivcly provided by periodic removal

of accumulated scmimajor axis decay caused by along-track forces due alrnos[  entirely to atn]osphrric drag.

l’hc scmimajor  axis decay ra[c for this near-circular orbit was expected to depend primarily on the 8 1-day

mean F1o.7 solar flux.’ At launch in August 1992, the mean solar flux was -1 25x 10”22 watls/n12/l IL and has

s[cadily  dcclincd  as the mirlimum of solar cycle 22 approaches, currcn(ly  cxpcctcd  in lalc 1996.

da—=
dl [  “:7

--p(:~ ~ J/-h 1-
m

where p = alrnosphcric dcnsi[y,  primarily a funclion  solar flux
CD = satellite drag coe.fficicn~

A/m = sate. tlitc area -to - mass ratio, varies vith yaw control mode
jl = central body gravi[a[ional constant
a = orbit rnc.an  scmimajor axis

mc = earth rotation rate
i = orbil n~c,ar~ inclination

4-i-n = p a3, tbc orbit mean mo[ion

l’hc scmirnajor  axis decay latc  induced by drag Q;q. 1) is primarily a function of [hc solar flux lCVC1

and the satellite area-to-mass ratio (A/n]). ‘1’OPllX/Poseidon uscs sinusoidal yaw steering and fixed yaw

control modes to maintain rladir  pointing for altimetry and to keep the large 28 rnz solar array (SA) pointed

near the sun for power management. While executing lticsc attitude control strategies, the satellite area

projcctcd in the along-track direction, and affecting drag, varies continuously bctwccn  [hc cxlrcmcs  of -9
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m2 and -22 m2. As a result, the A/11) of d~c 2406-kg sa[cllitc varies bctwccl~ --0.0(11 and --0.009 m2/kg.  Fig.

5 shows the scmimajor  axis decay rate as a function of [hc 81-day recall solar flux for [hcsc two A/m

cxtrcmcs. For solar flux levels ICSS [ban -125 cxpericnccd by TOPEVPoscidon  during the [hmc-year prime

mission, the decay ra[cs duc to drag arc generally low, valying betwc.cn  -1 and -7 cm/day.

observed Scn~im:],ior  Axis.—

Fig. 6 shows the mcaJl scmimajor  axis history after achieving the operational orbit in Scp[cmbcr  1992

until  just aflcr 0MM8 or~ 22 May 1995. Each of the eight OMMS raised the scmimajor axis above the

rcfcrcncc value (aO in Table 1 ) to rcvcrsc the satellite ground [rack westward and thereby remain within the

f 1-km control band (shown lalcr in l:ig. 20). This process ~quircs maneuvers on the order of 3104  mnl/s

applied in the along-track direction (note that dV/da  z 0.466 mm/s per meter for this orbit).

The cxpcctcd  monotonic decay in scmimajor  axis was not always observed. Inslcad, the scmimajor

axis sornctimcs incrcascd,  suggcs[ing  the prcsencc of additional along-lrack forces, now confirmed to have

body-fixed origins .E Although a crcdiblc physical rnodcl for their behavior remains LO be more fully

developed, these tmdy-fixed forces arise from the combined effects of solar radia[ion,  thermal gradients,

and molecular outgassing, pmduccd  mostly by the large SA. l’hesc pc.rsistcnt  forces cause ci[hcr orbital

boost or dcboost,  dcpmding  on the satclli[c  yaw control rnodc.’

Shordy before launch, a plan was adopted to usc a I)itch bias to off-point the SA from the solar-

normal to limil  peak bat[cry charge currents during each exit from earth occultation. The usc of a pi[ch bias

(currently 54 dcg) cffcctivcl  y regulates battery pcrforma.ncc,  but radiation forces normal to the SA are not

along Ihc sunlinc as originally planned and rcftcctcd  throughout operational navigation software. As a

result, sizable unplanned along-track forces accumulate; the magnitude and direction depend on the specific

yaw control mode. l’hcsc body-fixed forces can either offset or add to the ever-present scmimajor axis

decay induced by atmospheric drag. Estimates of these lorccs and an cffcctivc prediction rnodcl  were

nccdcd to more confidcndy moni[or scmirnajor  axis behavior and to maintain lhc satellite ground track.

Attnosphcric l)rag  and I{od>’-l;ixcd  Forces

The combined effects of atmospheric drag and the body-fixed forces on scmimajor  axis have been

cffc.c(ivcly  Cstimatcd from daily quick-look orbit dctcrmillation so]utiolls  based OJ1 prccisc  laser ranging

rncasurcmcnts.g A byproduct of this process is the total once/rcv along-track rlon-gravitational  accclcra[ion
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from which LIm lo[al ralc of chmgc  in scmimajor  axis can be cmily computed. ” lsola[ion  of [hc tmdy-fixed

forces [hen requires removal of the drag contributions. l’tic intc~rity  of this process depends on the

accuracy of dw atmospheric density model, and this always raises reasonable conccm. Operational

navigation tasks reported here were performed usill~  the Jacchia-Roberts ‘a’’(JI<) density model. Drag

forces computed with the JR density model were fi~vorably compared willl  those prcdictcd  by Lbc Drag

Tcmpcraturc Model 1’(D3’M), although neither model reflects flight data at tllc ‘1’OPI;X/f’oscidon alti[udc.

‘1’hc yaw slccnng period from 6 March to 24 A]mil  1994, included in Fig. 6, shows the scmimajor axis

generally exhibited the iotuitivc monotonic “drag-like” decay behavior; the net decay rate was -11.7

cnl/day.  Fig. 7 shows daily quick-look laser ranging estimates of the total rate of chartgc in scmimajor  axis

duc to all non-gravitational forces varies with tbc P’ angle,’ varying bctwccn -10 and -15 cnl/day.  Ilowcvcr,

the decay rate induced by atmospheric drag alone is much lCSS,  varyi[lg bctwccn -2 and -5 cnl/day  for both

tbc JR and D7’M density models, as the 81 -day mean solar flux steadily dropped from -100 to -80.

Removing the drag cffcc[s from tllc total orbital dcboos(  rate provides cs~imalcs  of the body-fixed

contribution. in this example, the body-fixed and drag-induced forces aIc of similar magnitude at lower

values of ~’, whereas the body-fixed forces dominate at higllcr  ~’, especially when the orbit is in full sun

(~’ >55.7 dcg).

Fig. 8 presents the cmpincal  model defining changes in mean scmin)ajor  axis induced by the body-

fixcd forces. ‘llc model dctincs  these changes in terms of polynomial functions of the ~’ angle which has a

periodic variation of -112 days. The satellite cxecutcs  sinusoidal yaw stccrillg outside the nominal limits of

-15< ~’< 15 dcg;  within these ~’ limits fixed yaw modes alc used. A 180-dcg yaw flip rnancuvcr  near

~’ = O dcg keeps LhC SA on the satellite sunlit side. Using tllcsc  yaw control n)odcs the body-fixed forces

cause citbcr orbital boost or clcboost,  either increasing or decreasing the tncfin scmimajor  axis. Sometimes

the body-fixed forces add to the ever-present decay duc to cirag, and sometimes they offsc[ L}lC effects of

drag. In either case, the net effects on the scmimajor  axis and satellite ground track must bc determined by

dynamically summing these individual forces.

—.....——.——._.._———

● An along-track accc.lcra[ion of cme nar~on]ctcr/scc2  induces a rate of clmnge in semimajor axis of -18.5 cnr/day.

+ ~ is the angle bctwcmr the orbit plane and the geocentric dil ection to tl~c sun.
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Ovcr [he course of (hc mission, l<ichwr’s” has evolved dlcorctical  models  of the body-fixed forces for

each yaw con[rol  mode based on cs[imalcs of” salcllilc  surface propcnics  and infligh[ tcmpcraturc

mcasurcmcms. Diffcrcnccs bctwccn  Ihc theoretical models and observations arc currently most notable

during yaw s[ccring, especially while Iransilioning LCJ and front full sun WhCTL SA curling responses induccci

by the.rmal imt)alanccs  arc bclicvcd  to bc the primary contt  ibutors to (11c ohscrvcd along-track forces.

Ongoing modeling improvcrncnts  may eventually permit their operational usc in place of the rnorc cornplcx

and [cdious empirical techniques currently required. Such ilnprovcrncnts  may simplify flight operations

and eventually allow more confident isolation of drag contributions that could  lead to irnprovcd density

models.

l<JJcct  oJ I~ody-Fixed  Forces on Mean Sernhmjor  Axi~ and the Satellite Ground Track

The effect of the body-fixed forces on the sclnimajor  axis and satclli[c ground track were assessed

during March 1994 (when ~’ :> O) by comparing two precision intcgra[cd  trajcclorics,  one with all known

force models active, the other with only the body-fixed forces turned off. I:ig. 9 shows the resulting

scmilnajor  axis values; Fig. 10 then isolates these effects o![ the ground IJ-aCk.  When al] force models arc

active, the scmimajor  axis first exhibits boost, followed by a sustained period of dcboost at a nearly-linear

rate of -11.7 cm/day. Whc.n the body-fixed forces arc rc.moved the overall dcboost  ralc drops substantially

to only -4.3 cm]day.  l’his remaining force is attnbutcd  10 just atmospheric dr:ig. Earlier (I:ig. 7), the decay

rates duc [o drag were cstima[cd  analytically for both the JR and IM’M dcnsi[y models based on daily solar

flux obscwatior]s.  These results arc also shown in I’ig. 9 for direct comparison with the two scrnimajor  axis

dcboost trends. The decay duc to drag drops from -5 to -3 cm/day as the 8 l-day mean solar flux drops

from -100 to -80 during (hc comparison period. TIIC avcrapc value of-4 c.n]/day  agrees favorably wiLh the

drag effects cs[imatcd from the slope of the scmirnajor  axis, confirn]illg that body-fixed forces and

atmospheric drag arc [hc primary sources of observed scmin]ajor  axis decay.

~hangcs in Lhc satellite ground track duc to the bodj-fixed forces arc shown in Fig. 10 in tcnns of

equatorial longitude diffcrcllccs. ‘I”hc  comparison starts during a fixed yaw mode when the body-fixed

forces induce an orbital boost rate of -20 cm/day. When t}ic satellite resumes yaw stccnng,  the body-fixed

forces abruptly change in both magnitude and direction, initially causitip,  a scmimajor  axis dcboost  rate of

-5 cm/day, gradually increasing to -10 cnl/day as the ~’ an};lc incrc.ascs. When these body-fixed forces arc

turned off, the orbital boost forces active at the beginning of the prediction interval cause the ground track
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to initially drift eastward. After resuming yaw steering, the :iccumulatcd cl’fcc[  of removing the dcboost

forces causes Lhe ground track to drift increasingly westward. [:or this example, the net integrated effect on

lhc satellite ground track bccorncs significant: -120 n)ctcrs in equatorial Iongitudc after 30 days.

Effect of Solar Radiation Pressure on the Mean Senlima.jor Axis.— —. —

Solar radiation pressure Ilas only rnodcst  cffccls on the scmimajor  axis and ground track bccausc its’

in flucncc  averages to near-z,cro when the orbit is in full SUJI (~’ >55.7 dcg); Lhc net effect during occultation

periods is quite small compared to other pcrttrrbing forces. While of secondary interest in this ground track

control problcm, the effects of solar radiation prrxsurc have been includc(i for complctcncss.  Fig. 11 shows

the change in scmimajor axis for the six-month period bcf’,inning on 1 hfarch 1994. ~ompu[cd  daily,

diffcrcnccs  in (}1c mean scrnimajor  axis exhibit pcnodic behavior with peak amplitudes less than+15 cm.

The smallest errors occur during peak ~’ when the orbit is in full sun; IIIC nlaximum  errors occur near ~’==  O

when [hc occul[alion  intervals arc longest.

Inclination

I’hc mean inclination a,ng]c for the TOPEX/Poseidon rcfcrcncc  orbit (’1’ahlc  1) is a dircc[ byproduct of

the orbit and ground track design process dcscnbcd earlier. To n]ain(ain  tlic rcj)cating orbit and vcritication

site ovcrftights,  it is ncccssary that the inclination Icmains  very C1OSC to LJIC rcfcrcncc value (iO in Table  1).

Prc-launch analyscsG  indicated that gravitational pcrturba[ions duc [o the sun and moon cause periodic

variations in inclination, cxpcctcd to vary 13.8 mdcg a[)out the rcfcrtmcc value. These analyses also

indicated that inclination variations arc negligible for non-gravitational pcrkrrbations such as solar radiation

pressure and atmospheric drag. The ground track targctin~ proccdurc absorbs these inclination variations

by suitably adjusting the mean scmimajor  axis to maintain the repeating ground track within tl km, thereby

eliminating the need for inclination corrections during the tlmx-year prime. mission.

observed Variations of Inclination-——

Since first achieving the opcrationa]  orbit in Scptcmbcr  1992, [hc observed mean inclination has

exhibited the cxpcctcd periodic variations about the rcfcrcncc value. During 1992, the peak amplitudes of

these variations were -3.3 mdcg and -t 3.0 rndcg;  mom rcccntly  these amplitudes have shifted Positively to

-2.7 mdcg and +3.7 mdcg.  l’he.sc variations arc a combi[lation  of several clearly distinguishable periodic

components of 12, 58, and 173 days. There arc also very 10IIR periodic variations which have bccomc

9 AAS Paper 95-366, R. 11. Fraucnholz
JPI., 4800 Oak Grove Dr.,

MS 264-355, (818) 3S4-7714
Prsadcna, CA. 91109-8099



no[iccablc  after three years, but these amplitudes appear 10 & quite small. l’rc-launch  analyses indicated

hat the major components arc duc to third-body gravitational ~wturbalions. ‘J’:ib]c 3 lisls the amplitude and

period of Lhesc  perturbations. Fig. 12 shows that (IIC inclination varialion about the rcfcrcncc  value

correlates very WC1l with the ~’ angle, as dots the amplitude of Lhc periodic componcrm. 7“hc amplitudes arc

higher when the orbit is in full sun (~’ >55.7 dcg), while the mean inclin:ition is always grca[cr than the

rcfcrcncc value during occultation periods.

Eight OMMS have bum implcmcntcd  since Scptcmbcr  1992. ‘J’hcsc  small rnancuvers  (3 to 5 mn~/s),

applied in the along-track direction to raise scmimajor  axis above the refcrcncc  value, have had a negligible

cffccl on [hc orbit inclination. Only unplanned cross-track components could affect inclination, but these

velocity magnitude errors arc cxtrcmc]y small (note thal  dV/di  =125 mm/s ]w mdcg applied normal to

orbit plane).

Table  3. Periodic lriclination  Variations due to the Sun and Moon {;ravitationat  Perturbations

the

-—— _- —.. —-—— ..— — .-. ———— —-—. -.
Pcnurbing  Forces Arnplitudcs  (mdcg) l)criods  of Variation (days)

.——
0.098 ‘- 12.56

I.unar Gravi[y 1.325 173.40

0.54?. 11.72

0.27”1 86.70
. . . . . —. .—. --—-.. —.— .—. —— —.

0.354 88.93

0.660 173.30

Solar Gravity 0.582 3402.00

1.241 58.77 (half of ~’)

0.158 86.70
—- ——.. _ .-— .— .-—-= ======  =———— —.-

‘1’hc observed or definitive inclination includes variations duc to both modeled and unmodclcd

pc.tlulbing forces. The bcbavior is predictable wllcn unr[]odcled  pmlttrbations have a negligible effect.

Precision trajectory propagation software with all known Inodcls active was used to gcncratc  a six-month

trajectory beginning 1 March 1994. The prcdictcd  incli]]ation  was ccm]parcd  over this period with the
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definitive inclination defined by POIJ. Fig. 13 SI1OWS inclination  diffcrcllCcs  arc qLlitc  sma~~,  indicating the

important models arc WC1l known and the resulting irrciimrtion variations arc predictable.

I’crturbation  Analyses

F’ig. 13 established that LIIC observed inclination variations arc prcdictablc,  and attributable to known

modc]cd pcrhrrbations. A detailed analysis cslablishcd  the contributions of each perturbing force using

precision trajectory soflwarc to gcncra[c  individual trajectories covering the. six-month period beginning 1

March 1994. Inclination variations duc to each perturbing force were dc(crmincd  by turning individual

models off and comparing the resulting trajectory parameters with the rcfcrcncc  case with all models active.

The corresponding mean elements were diffcnmccd to isolate inclination variations.

Snn and Moon Gravitational Attractwn

Prc-laurrch studicss  assessed the effect of third-body grwitationa]  perturbations on the satellite ground

track from which the inclination variations were also cstablisbcd.  lhc initial analysis was conducted

analytically to dctcrminc  the individual effects of the sun and moon al~d then vcrifrcd using precision

integrated trajectories.

The inclination variations due to lunar gravity arc dominated by the 173-day and 12-day periodic

components (Fig. 14, l’able 2). IIowcvcr, closer inspection indicates that there arc also other significant

periodic variations. Analytical smdics established the amplitudes and pm iods of four distinct componcn[s;

two have amplitudes of -0.1 and -0.54 rndcg, with pcr-iods  12.6 and 11.7 days, rcspcctivcly. These two

variations appear as a single perturbation in Fig. 14, The amplitude of the 1 ‘13-day  periodic component is

1.33 mdcg;  the other periodic comporrcnt  has an 87-day period and a 0.3-rndcg  amplitude.

There arc five significant periodic components in the inclination var-iation due to solar gravity. These

variations arc synchronized with the ~’ ang]c (t;ig. 14). The dominant component has an amplitude of 1.24

mdcg and a period of 58 days, about half the period of ~’. onc componc.nt  has a period of 173 days, -1.5

limes the ~’ pcnod, and an amplitude of 0.66 rndcg. Two components have. periods of -87 days, or about

three-quarters of the (3’ period, with amplitudes 0.35 and 0.16 mdcg, rcspcctivc]y.  The fifth componcn[ has

a period of 9.3 years with an amplitude of 0.58 mdcg. The influcncc of this component bccamc evident only

aflcr two years of mission operations (Fig. 12).

‘1’hc size and shape of inclination variations duc to both the sun and moon arc almost identical to the

observed variations (I:igs. 12, 14), indicating these third body forces arc the primary source of inclination
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variations. LIctwccn March  and Augus[ 1994,  [hc n]can inclination varied bc[wccn -3 mdcg and + 3.5 mdcg

duc 10 third-body gravitational pcr[urbalions.  The amplitude of these variations incrcascs  with ~’, as some of

dlc periodic variations increase whcII  ~’ is higher.

these

Effects of So[id Earlh  Tides and Solar  Radiation Pressttre

‘1’hc  tidal  forces induced by lunar and solar ~ravity cause small variations in inclination. ]Iowcvcr,

variations bccomc significant when considering the stringent TOPEX/Poseidon ground track con[rol

rcquircmcn[s.  ‘l”hc tidal effects arc almost an order of magnitude sma]lcr  than the third-body gravitational

perturbations, but the signature is almost identical and a strmlg function of the ~’ angle. Fig, 15 shows Lhc

magnitude of the tidal effccLs varies bctwccn  -0.4 and +0.3 m(ieg between March and August 1994.

The inclination variation duc to direct solar radiation pressure is very small, and for all practicfil

purposes may bc ncglcctcd. IIowcvcr, these variations arc onl y a function of the ~ angle, shown in I:ig.  15

to incrcasc  with P’. 1 Iowcvcr, during full-sun periods the variations remain constant; the magnitude is a

function of the peak ~’. The period of variation (56  LO 59 days) is half the, It’ period; LhC  amplitude was <

0.08 mdcg bctwccn March and August  1994.

Other Forces

l’hc  inclination variations duc to non-gravi[afional forces such as atmospheric drag and body-fixed

forces arc negligible. The rotating aunosphcre  has some effect on inclination, but negligible compared to

variations induced by lunar and solar gravitational pcrturbalion$.

Effect of inclination Variations on the Ground  Track.—.

‘1’hc deviation of inclination from the rcfcrencc value affects the ground track in two ways. The

equatorial crossings slowly deviate due to variations in inclination. ‘1’hc nodal period is a function of

inclination. A onc-mdeg  deviation in inclination changes equatorial crossirlf’,s by -280 meters after a 30-

day ground track prediction. IE The nl:lllcuvcr  [argcting  process accounts  for inclination-induced variations

in ground track prcdic[ion  and adjusts scmirnajor  axis accordingly so that future nodal crossings remain

within the required ~ 1 -km control liznit. ‘1’his process requires predicting the glolrnd  track for several

months after each maneuver (c, g., Fig. 16). IIc)wevcr,  the signature of inclination variations is clearly

rcftcctcd  in the ground track, particularly when the mcarl scrl]imajor  axis is within a fcw rnc[crs of the
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rcfercncc valttc (aO in ‘1’able 1). l“his  circumstance rcduccs the ground track  drift ram relative [o the

rcfcrcncc  track, nominally occurring as Lhc ground track  nears Lhc wcslcm control boundary (e.g., Fig. 20).

The inclination error also affects the ovcrf’ti~ht  accuracy of two verification sites which must bc

maintained within f 1 km. ~’hc latitudes of both verification sites arc --35 dcg N: the NASA SilC iS 011

Ilarvcsl Platform off Pt. C;onccption,  Ca., the CNES si[c is near I.ampcdusa Island in the Mcditcrrancan

Sea. l%c variations in inclination cause an offset in the vc.rification  site overflight even if there is no

diffcrcncc  bctwccn  the actual and rcfcrencc  nodal crossings. The scnsitivi[y of the site overflight Iongitudc

to variations in inclination is:

JL_= – sin @v COS
2 
L /cos Uvd

where L = longitude of verification site with respect to the mccnding node
Uv = argument of latiurdc (m+ fl

sinr)v = sinuv sini

@v = laLitudc  of the vcrifica[ion site

(2)

For the CNES verification site, d./ili = 74 mhndcg.

Ilccentricity  Vector and (he Frozen (h-bit

Following launch on 10 AuSust 1992, a six-maneuver orbit ac.quisilion scqucncc]9  lasting 42 days

placed TOPEX/Poseidon in the operational orbit (Table 1), including achieving frozen orbit conditions.

Usc of a frozen orbit limits variations in the argument of pcriapsc  and c.cccntricity, resulting in rcduccd

variability in orbital aItitudc  for cnhanccd  ahimctry pcrf orni ancc.  Also, the frozen orbit clim inatcs  the need

for dcdicatcd  maneuvers to maintain these eccentricity vector (e,@) parameters.

Frozen orbit conditicms  arc rcaliy.cd  through the balancing of the secular perturbations of the even

2 0  p~lysically,  thC fro~c*lzonal harmonics with the long-period perturbations of the odd zonal harmonics.

orbit is typicaIly  attributed to (hc cancellation of J~ perturbations duc to the carlh’s oblatcncss.21”23

Deviations from this ideal s[cady .sLatc lead to closed CUJVCS in the (C,OJ)  pllasc plane. These CUI-VCS can

remain nearly closed even under the influence of non-gr~vitational  perturbations such as drag and solar

radiation pressure, For most frozen orbits, including TOl)EX/Poscidrm,  the pcriapsc  is frozen at 90 dcg,”

and the eccentricity is very low (< 190 ppm).

The ccccntrici  t y vector conditions achicvcd by the orbit acqLlisit  ion scqucncc were c = 142.9 ppm and

o = 90.6 dcg, COHlparCd to target values of eO = 95 ppm arid mO = 90 ctc~ (’1’able 1). I“hc closed eccentricity
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vector contour shown in Fig. 1‘? dcscribcs the cxpectcd behavior when perturbed only t~y a 20x20 gravity

field.  This contour moves coun[crclockwisc  about ttm design point ril = 90 dcg and has a period of 26.74

rnon[hs. z~ Observed values of (e,@) shown in Fig. 17 have been separated imo groups following each

OMM. While these groups generally follow Lhc cxpecIcd  courltcrclockwisc n~ovc.n~cnL  of Lhc frozen orbit, it

is otherwise difficult to observe rnorc detailed features which may bc caused by each OMM, or attributable

[o pcrturba[ions  other than earth gravity.

The achicvcd  mean eccentricity and argument of Pcria]sc arc compamd  over time with the cxpcctcd

frozen values in Figs. 18(a) and (b), rcspcctivcly. q“his examination reveals how the OMMS have affcctcd

the observed e and (J) variations. Fig. 18(a) shows the observed mean eccentricity deviates from the

original prcdictcd  froT.cn values. Iiowcvcr,  when the frozen predictions arc updated following each OMM

using currcnl estimates of e and O, the agrccmcm with ot)scrvations  is considerably better. The same

general behavior is cvidcnl  for the argument of pcriapse (AOP) shown in FiE. 18(b).

‘1’hc maximum deviations of the observed (e, ro) vaIucs from the updated froz.cn prcdic[ions  corrclalc

very WC]] with ~’ angle variations, as shown in Figs. 18(a,b). During periods c)f peak P’ when [bc orbit is in

full sun, the observed mean ccccntr-icity  is always lCSS than the frozen value (~’ > O); this [rend rcvcrscs

when (3’ < 0. ‘1’his behavior is c.auscd  by solar radiation })rcssurc, as shown in Fig. 19 for lhc six-mon[h

pcnod beginning 1 March 1994. For the three ~’ cycles included in Illis sample comparison, the mean

eccentricity diffcrcncc exhibits the same ~’-dcpcndcnt behavior. ‘l”hc argument of pcriapsc  exhibits

maximum deviations from the updated frozen values near ~’ = O when solar radiation pressure has the

greatest effect during the longest earth occultation intervals.

l’hc froT,cn orbit has been maintained throughout the three-year prime mission without requiring

dcdicatcd  mnncuvers. 1 lowcvcr,  every effort has been made to not irwrcasc the mean eccentricity when

performing each OMM. While maneuver burns arc cor]str~lincd  to occur overland to limit al(imc[ry  outages

which could result from possiblt:  attitude  disturbances, locations near an orbit node (usually mid-South

America) have allowed mean eccentricity to be slighlly rcduccd, or to remain unchanged. The two

exceptions were following 0MM4 and 0MM8 cxccutcd  near orbit pcriapsc over northern Canada and

eastern Russia, rcspcctivcly,  to satisfy satellite pointing constraints durh]g tun~s to the burn atti[udc.  These

two maneuvers incrcascd  the post-maneuver values of the mean eccentricity, as shown in Fig, 18(a).
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Variations in ccccn[rici[y (AC) also affect equatorial crossings of dlc satclli[c  ground track Lhrough

variations in true anomaly (Aj). For a near-circular orbit ~ = 2Ae sinM, where M is the mean anomaly.[’ A

lypical  eccentricity error of -10 ppm would cause. a rnaximurn  Af =2 x 10”5 radians, cquivalcn[ [o a

cqua[orial  crossing timing crmr At =: Af/n =22 ms. The amplitude of the con csponding equatorial longi[udc

error AA = @CAf  = 10 m. ‘1’his ]ongitudc error systematically oscillates with expcctcd variations in the

argurncnt  of priapsc.

Ground Track IIistory

As of 30 August 199S the satellite had completed 13,725 orbits since first achieving the opcra[ional

orbit on 23 Scptcmbcr  1992. Of this tolal, only 95 asccndil]g  nodal crossings (- 0.7%, compared to 5%

rcquircmcnt)  have been outside the i 1 -km ground track control band, and these violations were voluntary to

provide additional analysis time to bct[er character-izc the behavior of the body-fixed forces before

cxcculing OMM 1 on 12 October 1992. Seven additional OMMs have been cxccutcd since then, each

designed to provide the maximum practical spacing between rnancuvcrs. As can bc seen from Fig. 20, the

spacings have gcncra]ly  incrcascd,  with the spacing bctwccn  OMM7 arl(i OMMt?  being the largest at 228

days. Maneuver spacing and placcmcnt  have sornctimcs hcI] cnhanccd by modifying the nominal ~’ angle

limits govcming entry into and out of the fixed yaw modes.’k This s[ratc~y  utilizes the large body-fixed

forces during tixcd  yaw to alter the duration of orbital boosL or dcboost  forces to slowly adjust the mean

scmimajor  axis as nccdcd to refine ground track motion.

Each maneuver has bccrr cxccutcd  as the ground track approaches Lhc eastern control boundary af[cr

the mean scmimajor axis had dccaycd below the rcfcrcncc value (se.c I;ig. 6). l’hc nominal strategy has

been to cxccutc  each OMM at the next-to-last cycle boundary before the ground track would exit the castcm

control boundary. This conservative practice provides an OMM backup opportunity still inside the control

band, if for any reason Lhc nominal maneuver dots not occur as planned.

Distinct and important fcatums in the ground track bcllavior  arc tllc oscillations during the wcstcrn-

mosl travel bcLwccn each OMM. The prccisc nature of these oscilla[  ions depends on the complex

combination of time-dcpcndcnt influences of lunar and solar gravity, atmospheric drag, body-fixed forces,

and the current value of the mean scrnimajor  axis. The lul]ar and solar ~ravity  influences bccomc most

prominent wilcn  the ground track drift rate slows wllcn the rr[carr scmimajor axis is wilhin a few meters of
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the rcfcrcncc value. Under these conditions third-body gravity forms tcIKi [o dominate ground track

behavior, causing periodic oscillations without significant net drift. 7’his bctlavior  is most prominent under

low-drag conditions (FIo.7 = 8(l), whereas lhc effect of third-body perturbations on the ground track can be

somewhat masked when the drag Icvcl  is higher (F1o.7 > 2M).

SU mm ry

The l’OPEX/Poseidon operational orbit and resulting p,round track behavior have been analyzed and

explained. All control rcquircmcnts  have been met or sulpasscd. In particular, the operational orbit

dctcrrnination support provided by the GSFC/FDl:  using tracking data acquired via TDRSS surpasses

rcquircmcnts,  duc primarily to improved earth glavity rnodcling accuracy not rcftcctcd in prc-launch

planning ~1’able 4). Mean orbital elements computed from FDF orbit dclcrmination  solu[ions  agree very

welt with values indcpcndcnt]y  obtained from precision orbit dctcrrnination  results. l’hcsc  mean clcmcnts

were very accurately computed (Table 2) and demonstrated cxccllcnt  stabili[y.  l’hc three most important

orbital pararnctcrs arc the scmimajor axis, inclination, and the eccentricity vector (e,(o). The analysis

showed how semirnajor  axis must be adjusted to maintain glound track conlrol,  whereas the inclination and

ccccn[ricity  vcc[or  do not require corrections.

Table 4. Comparison of Achieved Mean Element Accuracies with Pre-launch Requirements
- — — . —.——.—— . _—— —_= , —.

Orbital Reference 30 orbit  Dctcrrnina[ion Achieved

Pararnctcrs Valtrcs RcquircmcnLs OD Accuracies
_——_— ————.————-.—-
Semirnajor  Axis a. (km)

—
7714.42938 1 rnctcr <5cm

inclination iO (deg) 66.0408 I mdcg <1 ~dcg

Eccentricity eO (ppm) 95 10 ppm -0.01 ppm

Argunlcn[  of Iati[udc  at Node rOO +~ (dcg) o 5 rndc.g <1 mdeg

— - — — . --——  . .———— . -= =======  = ————— —.-—
(LO +fl is the argument of Iatitudc, lhe sum of the argunumt of pcriapse ar,d Lhe true anorl~aly

‘1’}ic  scmimajor axis changes arc caused by along-track forces induced primarily by the combined

effects of atmospheric dra~ and body-fixed forces. Atmos~)hcric  drag always causes scmimajor  axis decay,

the rate mostly depends on the 81-day mean FIO.7 solar flux. l’hc body-fixed forces can induce either boost

or dcboost  in scrnimajor axis, the magnitude and direction depends on tl]c satellite yaw control nlOdC which

syslcmatica]ly varies with the ~’ angle. Isolation of the. drag contribu[iorts  to semimajor axis behavior
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WOU]d  permit reconstruction of aunosphcric  dcnsiiy from which improved density nlodcling might be

feasible. I [owcvcr,  confidcn[ separation of scmimajor axis behavior inlo distinct contributions duc to drag

and body -rlxcd forces is prohibitive since both arise from along-track forces. Unfortunately, Lbcsc forces

cannot bc scpara[cd without making certain assumptions about each force. It was shown that two

rcprcscntativc  density models, the JR and the DTh4, provide consistent results. IIowcvcr, this result dots

not imply that either rnodcl  is correct. lhc density rnodcling  diffcrcltccs arc of the same order as the

estimation accuracy of [hc total once/rcv non-gravitational accelerations provided by accurate quick-look

laser-based orbit determination (-5 cm rms, radial position).’ Since the total along-track accelerations arc

very small (on the order of onc nanometer/s2), opportunities for estimation accuracy improvements may bc

Iirni[cd without adding tracking nleasuremcnts  wit.1~  highc]  information conlcnt.  + Also, iL may bccornc

possible to improve the prcdic[ion  model of the body -tixcd forces as the understanding of the physical

behavior irnprovcs.

~’hc orbit inclination and eccentricity vector parameters have. behaved as cxpcctcd,  and arc cxpcctcd

[o behave similarly during the three-year extended mission. The inclination exhibits periodic variations of

i3.8 tndcg  about the rcfcrcncc  value duc almost entirely LO lunar and solar gravitational perturbations.

l’hcsc dc[crministic  perturbations have a significant effect on the satellite ground track, but arc easily

compensated for when adjusting the scmimajor axis to control Lhc ground track. The eccentricity vector

provides a frozen orbit, limiting variations in the eccentricity and argumc.nt  of pcriapsc. Analysis showed

distinct, albeit small, changes in eccentricity wllcn OMMS were cxccutcd,  even though the maneuver

magnitudes were only 3 to 5 mm/s. Also, ccccntlicity  variations on the order of i20  ppm were observed

during orbit full sun (~> 55.7 dcg) duc to solar mdiation  pressure.

I’uturc orbit and ground track maintenance activit  ics arc cxpcctcd to continue as before for the

remainder of the TOPl;X/f’oscidon mission lifetime. Should the sa[cllitc  remain operational for several

rnorc years, cxpcctcd incrcascs in solar activity as solar cycle 23 begins in early 1997 will incrcasc the

in]pcrnancc of atmospheric drag. As a result, the spacing bctwccii  maneuvers will bc more frequent,

possibly as often as once every two to three months, compared to about twice annually during the current

period of low solar activity.

+ Rcccruly, dara acquired via the Global Positioning System (GPS) have been combined
with laser data to fill coverage gaps, improving overall orbit dctcmiination  accuracy.
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